The ability of a computer-based image digitizing system to differentiate "active" from "'chronic" valvular vegetations was evaluated. Twenty-two patients with newly diagnosed infective endocarditis were studied prospectively by serial two-dimensional echocardiograms. Two comparable images (active and chronic) from the same patient taken several weeks apart (range, 4-17 weeks) after initiation of therapy were obtained at end diastole with identical gain settings. The images were digitized, magnified, and displayed on a high-resolution color monitor. The mean pixel intensity of the valvular vegetation in the active stage was 20.6 ± 3.6 (mean ± SD), which increased to 34.4 ± 4.3 in the chronic stage (p<0.01). Because there was some overlap of values, an additional standardization procedure was used in the last eight patients. In these eight patients, the mean pixel intensity of the vegetations in the active stage was 17.5 ± 1.1, and it increased at 4 weeks to 25.0 ± 1.2 (p<0.05) and further increased in the chronic stage to 33.6 ± 3.1 (p<0.05). There was no overlap of values between the active and chronic stages. Three clinical states are of particular interest: 1) The mean pixel intensity of the vegetations remained unchanged (23 vs. 24) in one patient who did not respond to antibiotic therapy. 2) The mean pixel intensity of the vegetations fell from 35 to 24 when one patient developed reinfection of the same valve, and with treatment, mean pixel intensity once again increased to 34. 3) The mean pixel intensity of the vegetations in five patients with culture negative infective endocarditis was low (21.6 ± 1.9) and increased (33.6 ± 6.0, p<0.05) during the chronic stage. The mean vegetation size was 0.73 ± 0.30 cm2 in the active stage and decreased to 0.56 ± 0.24 cm2 (p<0.05) in the chronic stage; however, in six of 22 patients (27%), vegetation size did not decrease with clinical cure. We conclude that digital image processing of two-dimensional echocardiograms can differentiate active from chronic vegetations of infective endocarditis and is a promising new technique that has the potential of being a useful clinical tool in selected patients with infective endocarditis, for example, in those in whom there is a need to distinguish active from cured infective endocarditis. (Circulation 1988;78:116-123) I nfective endocarditis (IE) most often involves the cardiac valves and can be detected by M-mode and two-dimensional echocardiography: the sensitivity of M-mode and twodimensional echocardiography for the diagnosis of IE has ranged from 34% to 80%. [1] [2] [3] [4] [5] [6] [7] In the majority From the Section
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2) The mean pixel intensity of the vegetations fell from 35 to 24 when one patient developed reinfection of the same valve, and with treatment, mean pixel intensity once again increased to 34.
3) The mean pixel intensity of the vegetations in five patients with culture negative infective endocarditis was low (21.6 ± 1.9) and increased (33.6 ± 6.0, p<0.05) during the chronic stage. The mean vegetation size was 0.73 ± 0.30 cm2 in the active stage and decreased to 0.56 ± 0.24 cm2 (p<0.05) in the chronic stage; however, in six of 22 patients (27%), vegetation size did not decrease with clinical cure. We conclude that digital image processing of two-dimensional echocardiograms can differentiate active from chronic vegetations of infective endocarditis and is a promising new technique that has the potential of being a useful clinical tool in selected patients with infective endocarditis, for example, in those in whom there is a need to distinguish active from cured infective endocarditis. (Circulation 1988;78:116-123) I nfective endocarditis (IE) most often involves the cardiac valves and can be detected by M-mode and two-dimensional echocardiography: the sensitivity of M-mode and twodimensional echocardiography for the diagnosis of IE has ranged from 34% to 80%. [1] [2] [3] [4] [5] [6] [7] In the majority of patients, valvular vegetations (VEG) that are visualized on the initial echocardiogram persist after successful antibiotic treatment of IE.7 A noninvasive method that could distinguish "active" from "(chronic" VEG of IE is sometimes highly desirable, for example, when a clinical response to antibiotic therapy is inconclusive and the diagnosis of recurrent endocarditis is uncertain or when blood cultures remain negative. The purpose of this study was to evaluate the ability of a computer-assisted image digitizing system to differentiate active from chronic valvular VEG of IE.
Patients and Methods Patient Selection
In this prospective study, 22 patients with a clinical diagnosis of IE (for criteria and clinical details see below) with complete and good quality two-dimensional echocardiograms and with welldefined VEG on native valves were included. None of these patients had a previous history of IE. However, one patient from this group subsequently had recurrent endocarditis on the same valve (tricuspid valve) and had a second series of echocardiograms performed during the second admission. For purposes of this study, we have referred to VEG at the time of admission as "active" and those after bacteriological cure as "chronic." Bacteria were cultured from blood in 17 of the 22 patients ( Table 1 ). Staphylococcus aureus was isolated in eight patients, Staphylococcus epidermidis in one patient, Streptococcus viridans in six patients, Streptococcus pneumonia in one patient, and Hemophilus influenza in one patient. Five patients had negative blood cultures. The prodromal symptoms of lethargy and fever before admission ranged from 1 to 3 weeks.
There were 13 men and nine women with a mean age of 35.6 years (range, 21-69 years). The VEG were located on the mitral valve in eight patients, the tricuspid valve in 10 patients, and the aortic valve in four patients. In 17 patients with positive blood cultures, the diagnosis of IE was based on general malaise, fever, Figure 2 . Note that differences of gray level are not as apparent as in the color encoded image. new regurgitant cardiac murmur, three or more abnormal blood chemistries (elevated erythrocyte sedimentation rate, leucocytosis, circulating immune complexes, and anemia), and positive blood cultures. In the five patients with negative blood cultures, the diagnosis of IE was based on general malaise, fever, a new regurgitant murmur, and three or more abnormal blood chemistries (elevated erythrocyte sedimentation rate, leucocytosis, circulating immune complexes, and anemia).
Echocardiographic Examination
Serial two-dimensional echocardiographic images were performed in each patient. A complete twodimensional echocardiographic examination consisting of a parasternal long-axis view of the left ventricle, parasternal short-axis and parasternal long-axis views of the right ventricle, apical fourchamber view, and apical two-chamber view, with a 2.25-MHz transducer and an IREX Meridian echocardiographic machine (New Jersey) was performed and recorded on a standard VHS videocassette tape.
Two comparable images (which maximally visualized the valve leaflets) from the same patient, taken several weeks apart with a mean period of 9 weeks (range, 4-17 weeks) after initiation of therapy and from the same echocardiographic window and in the same phase of the cardiac cycle (end diastole), were digitized, magnified, and displayed on a high-resolution color monitor. The mean pixel intensity (MPI) of the VEG was obtained by painting the VEG with a light pen. Specular reflections from the leading and trailing edges of the VEG were excluded. The first study, which was considered for analysis (active phase), was performed on the day of admission to the hospital in 12 patients, 1 day 6W MPIZl19 after admission in three patients, 2 days after admission in six patients, and 3 days after admission in one patient. The study considered for analysis (chronic phase) was performed after a mean period of 8 weeks (range, 4-17 weeks) after hospitalization and initiation of antibiotic treatment. The crosssectional areas of the VEG were measured digitally on the echocardiographic machine (IREX Meridian) at end diastole (onset of QRS on electrocardiogram) by two independent observers.
Standardization of Two-Dimensional Echocardiograms
To enable comparison of serial studies, standardization of two-dimensional echocardiograms was performed. This was done by recording the timeagain compensation settings and other controls on the echocardiographic machine at the time of the first study, by keeping these settings identical in subsequent studies in a particular patient, and by presenting a standard video signal to the image digitizer with a video processing amplifier and an oscilloscope.
Because MPI values in the first 14 patients did not reliably distinguish between active and chronic vegetations, we devised an additional procedure for standardizing gain settings for the initial echocardiographic study. The procedure consisted of turning the gain settings on the echocardiographic machine down to zero and then gradually increasing the gain until the valve leaflet first became visible. This gain setting was noted, and the echocardiogram was performed. The same gain settings were then used for subsequent studies in the same patient. Data of the vegetation in the same patient is shown in Figure 1 . Figure 1 at the time of admission (ADM), at 6 weeks (6W), and at 14 weeks (14W). Note the preponderance of blue-green pixels (representing low pixel values) on admission and the increase in red pixels (representing high pixel values) at the end of 14 weeks. Images at 6W and 14W were originally magnified x3.
back into analog video data viewable on a monitor. In addition, the microprocessor has read and write access to any single pixel contained in the on-board random access memory. Standardization was accomplished with a video processing amplifier and an oscilloscope. Each digitized video frame was transmitted through a high-speed serial data link to a second computer for further processing. This computer, a Compupro model 816/B (Oakland Airport, California), is an 8085/8088-based microcomputer incorporating 64 kbytes of random access memory, dual 8- high-resolution light pen. The digitized video frames were stored on floppy disks after transfer from the Cardio Revue Center and could be retrieved at any time thereafter for redisplay or processing. The Microangelo system stored digitized video images with a resolution of 480 horizontal by 512 vertical pixels.
The pixel intensity of any given location could be ascertained with a high-resolution light pen. The computer had the capability to average pixels at any given area of interest such as valvular leaflets or the myocardium. The number of pixels averaged and the MPI (value) of the areas studied could be displayed. When averaging pixels, we tried to avoid specular reflections. Sixty-four colors indicated pixel intensity or pixel value; blue-green color represented low pixel values, while yellow-red color represented high pixel values.
The MPI of the VEG, pixel histograms showing the relative frequency of occurrence of pixels, and pixel maps showing a three-dimensional representation of the pixels in the VEG were obtained in all patients.
The VEG size was measured by digital analysis with an IREX Meridian echocardiographic machine at end diastole (onset of QRS complex) in the same view in which the image was digitized. To determine intraobserver and interobserver repeatability of measurement of VEG area, two independent observers measured VEG size, and one observer measured it on two occasions. To determine intraobserver and interobserver repeatability of measurement of MPI, two independent observers measured MPI, and one observer measured it on two occasions. A paired Student's t test was used to evaluate significance of results. For repeated measures, analysis of variance was used ( Table 3) . 
Results
The salient clinical features of the patients during the active and chronic phases are summarized in Table 1 . One hundred five two-dimensional echocardiogram examinations were performed (mean, 4.7/patient) at intervals ranging from time of admission to hospitalization and initiation of antibiotic therapy and to 17 weeks later. Digital imaging processing was performed on all echocardiograms. An unprocessed echocardiogram (black and white) of a patient with tricuspid valve VEG (patient 10, Table 2 ) is shown in Figure 1 . The color picture, pixel histograms, and pixel maps of the VEG from the same patient are shown in Figures 2, 3, and 4, respectively.
The details of the specific valve that was affected, timing of MPI during the active and chronic phases, and the MPI are listed in Table 2 . The MPIs of the VEG in the active and chronic stages were 20.6 + 3.6 vs. 34.4 ± 4.3 (mean ± SD), p<0.01 ( Figure 5 ). The MPI of the last eight patients who were studied with a special standardization procedure (see "Materials and Methods") showed an increase from time of hospital admission to 4 weeks later (17.5 ± 1.1 vs. 25.0± 1.2, p<0.05) and a further increase to the chronic stage (25.0 ± 1.2 vs. 33.6 ± 3. 1, p<0.05) ( Figure 6 , Table 3 ). There was no overlap of values between the active and chronic stages for those patients with standardized initial gain settings.
One patient did not respond to antibiotic therapy for 4 weeks (patient 12) and required surgery. In this patient, the MPI remained consistently low (MPI, 23 vs. 24) throughout the 4 weeks after the initiation of therapy. Another patient (patient 13) had recurrent IE on the tricuspid valve. In this patient, the MPI of the VEG increased from 18 to 35 after treatment of the initial infection. After recurrence of infection, the MPI decreased to 24, and with cure of the reinfection, the MPI increased once again to 34 (Figure 7) . The pixel map after recurrence of infection was characterized by green and yellow (representing low pixel intensity) superim- Mean pixel intensity  Patient  ADM  2 Weeks  3 Weeks  4 Weeks  Chronic  15  18  16  16  25  31  16  17  16  18  26  30  17  16  15  16  24  40  18  18  19  19  24  34  19  19  18  ...  26  32  20  17  16  17  27  32  21  19  18  17  23  37  22  16  17  17  25  33  Mean±SD posed on the preexisting red area (Figure 8 ). In the five patients (patients 2, 3, 11, 12, and 21; Table 2) with culture negative endocarditis, the MPI of the VEG on admission was low (21.6 + 1.9). After therapy and clinical cure, the MPI increased to 33.6 ± 6.0 (p<0.05); the pixel maps changed from predominantly blue and green (active stage) to red and yellow (chronic stage).
The mean VEG size was 0.73 ± 0.30 cm2 in active vs. 0.55 ± 0.24 cm2 in the chronic stage (p<0O.05). In six patients who were clinically cured of IE, the VEG size showed a slight increase in the chronic compared with the active stage (0.66 ± 0.3 cm2 vs. 0.69 ± 0.4 cm2, p = NS); however, the MPI showed a significant increase in this period, which was consistent with clinical cure of the IE.
The intraobserver and interobserver repeatability of the measured VEG size revealed correlation coefficients of r=0.95 and r=0.96, respectively. The standard error of the estimate (SEE) for interobserver and intraobserver repeatability of measurement of VEG sizes was 0.07 and 0.05 cm2, respectively.
The correlation coefficient for intraobserver repeatability of MPI in the active stage was r = 0.95 (SEE= 1.2, p<0.05); the correlation coefficient for interobserver repeatability was r= 0.89 (SEE = 1.8, p<0.05). The correlation coefficient for intraobserver repeatability of MPI in the chronic stage was r=0.92 (SEE= 1.9, p<0.05); the correlation coefficient for interobserver repeatability was r=0.83 (SEE = 2.7, p<0.05).
Discussion
The clinical usefulness of two-dimensional echocardiography in the diagnosis of IE has already been established.3 '5,8'9 Vegetations on the aortic and mitral valves were first described echocardiographically by Dillon et al in 1973.10 Although previous investigators had noted an increase in intensity of VEG after bacteriological cure, no attempt was made to keep the echocardiographic gain settings constant. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Because changes in gain settings may produce striking changes in the intensity of VEG and because the above observations were subjective, no firm conclusions could be drawn from these studies.7,14-17 The 22 patients presented in this study constitute a consecutive series of patients with a clinical diagnosis of IE on native valves; they were selected by strict criteria and were followed on a prospective basis. All recording variables on the echocardiographic machine were noted at the time of the initial study and were kept identical in follow-up studies.
In the first 14 patients, there was a partial overlap of data points between the active and chronic VEG probably due to the use of excessive gain setting (without standardization) at the time of the first echocardiogram. We therefore instituted a standardization procedure for setting the gain for the first echocardiogram in subsequent patients. The procedure consisted of turning the gain settings on the echocardiographic machine down to zero, and then the gain was gradually increased until the valve leaflet first became visible in each patient. setting was noted, and the echocardiogram was performed. The same gain settings were used for subsequent studies in the same patient. Eight patients were studied with this standardization technique. There was no overlap between the MPI in the active and chronic VEG in this group. Because we studied these eight patients weekly, we first observed a statistically significant increase in the MPI of the VEG 4 weeks after beginning therapy (Table 3) . A fresh VEG of IE consists of neutrophils, clumps of bacteria or fungi coated with erythrocytes, fibrin, and platelet thrombi.13 l, '9 This mass is attached to the degenerated native valve tissue. After therapy and during the process of bacteriological cure, the composition of the VEG changes; that is, polymorphonuclear leukocytes invade the area, and eventually, the infective organism disappears. Thereafter, fibroblasts infiltrate the area, and the VEG undergo fibrosis, collagen deposition, hyalinization, and calcification. The remnant of the VEG is finally covered with a layer of endothelium. These pathological changes probably account for the increase in the pixel intensity that we observed in chronic VEG.
This study indicates that VEG of IE show a gradual increase in the MPI with clinical cure. The sequential acquisition of baseline pixel intensities, pixel maps, and pixel histograms of the VEG may likely be of clinical value. Several patients in this series illustrate the potential clinical value of this line of investigation. 1) One patient did not respond to antibiotic therapy and needed surgical treatment; the MPI remained persistently low. The pixel map showed a preponderance of green (low pixel intensity) during the entire period of antibiotic therapy. This suggests that failure of MPI to increase is a sign of persistent infection. 2) One patient in our series with recurrent endocarditis showed a reduced MPI in the active stage of recurrent infection compared with the value obtained during the chronic phase of the first infection. This patient showed a pixel map in the chronic stage (i.e., before recurrence) characterized by red and yellow (high pixel intensity); the pixel map of the VEG after recurrence of infection showed a green area (low pixel intensity) superimposed on a preexisting red area, which was suggestive of recurrent endocarditis. These findings suggest that recurrence of active IE changes the MPI and pixel map. 3) In patients with culturenegative IE, the MPI increased with therapy, indicating that the VEG was in active phase initially. Although these cultures were negative, these patients clinically had active endocarditis. These three clinical examples indicate that measurement of MPI, pixel histograms, and pixel maps have the potential of assessing antibiotic response in patients with LE, of diagnosing active VEG that are superimposed on healed VEG, and of diagnosing active VEG in culture-negative IE.
In this study, we also observed a reduction of the mean VEG size (Table 2 ) from the active to the chronic stage. However, in six of 22 (27%) patients, the VEG showed a slight increase compared with the active stage. Other investigators have noted either an increase in VEG size,10°11 a decrease in VEG size,20 or no change in VEG size3 after therapy and bacteriological cure. Other reports have shown no apparent correlation between the clinical response and change in VEG size during treatment of IE.14 '15,21 Vegetation size, therefore, is of limited value in assessing the efficacy of antibiotic treatment.
In summary, we observed an increase in MPI of valvular VEG after clinical cure of IE. This is probably attributable to an increase in density of the VEG during the chronic phase. A significant increase in MPI first occurred 4 weeks after initiation of therapy. In the three clinical situations of uncontrolled infection, reinfection, and culture-negative IE, pixel averaging and pixel maps provided clini-cally useful information. The mean VEG size decreased in size with clinical cure in only 73% of patients. We believe digital image processing of two-dimensional echocardiograms ofVEG is a promising new technique that could provide additional diagnostic information of clinical value in selected patients with IE.
